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A cross-sectional area of pipe, ft. 
a constant defined by equation (22), 
lb«, solute • cc/lbo solution „ gm 
b constant defined by equation (22)„ 
lb, solute/lb0 solution 
G concentrations, in liquid phase, 
Ibo solute/lbo solution 
C concentration based on total mass flow rate, 
lba solute/lbo solution 
D inside diameter of pipe, ft0 
E potential measured at thermocouples, mv. 
2 
gc conversion factor, 32*17 ^
to lb» mass/sec. lb. force 
hs scale reading of solute rotameter, dimensionless 
K ratio defined by equation (10), dimensionless 
L length, ft„ 
ra massj, lb, 
N normality, moles/liter 
NRE liquid Reynolds number based on the pipe diameter, 
dimensionless 
P pressure^ psi 
Qg gas flow rate as read from calibration curve for 
gas rotameter before correcting the variations 
from standard conditions, CPM 
Qx volumetric flow rate of liquid, GPM 
R void fraction of phase in pipe, dimensionless 
t temperature, °C 
ix 
T temperature9 °K 
(V/L)c ratio of volumetric flow rate of gas to volumetric 
flow rate of liquid as determined by the concen-
tration method 
(V/L)m ratio of volumetric flow rate of gas to volumetric 
flow rate of liquid as determined by metering the 
separate phases 
V average velocity of phase, ft0/seco 
v specific volume, cu0ft<,/lb0 mass 
W mass flow rate, lb0 mass/sec0 
x flowing quality defined by equation (l\.) 
y static quality defined by equation (£) 
yA viscosity^, centipoise 
p density9 gm/c© 
SUBSCRIPTS 
c refers to measurement by concentration method 
g refers to gas phase 
1 refers to liquid phase after addition of solute 
m refers to measurement by metering phase(s) 
s refers to solute at point of injection 
t refers to test section 
w refers to liquid phase prior to addition of solute 
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SUMMARY 
In the two-phase flow of a liquid and a vapor, one of 
the important variables that characterizes the flow is the 
ratio of the volumetric flow rate of vapor to the volumetric 
flow rate of liquid, designated here as V/L. While the V/L 
ratio may be determined by metering the phases separately, 
this is not possible for systems with mass transfer between 
the phases0 A suggested method for determining the V/L ratio 
is based on the continuity of a non-volatile solute in the 
liquid phase and involves the measurement of its concentra-
tion during single-phase flow and measurement of its concen-
tration, temperature and pressure at the point at which the 
V/L ratio is desired. A knowledge of the thermodynamic 
properties of the fluid is presumed,, 
This investigation is concerned with the evaluation of 
the Concentration" method on an air-water system at water 
flow rates from 0fl? to £0 GPM and air flow rates from 0c00l| 
to 0.09 pounds per second using sodium hydroxide as the 
solute. The experimental apparatus provided means of meter-
ing the air, water and solute into a 1 l/2-inch test section 
where the V/L ratio was determined. 
It was found that the V/L ratio could be determined 
with relatively good accuracy over a narrow range of flow 
conditions• The accuracy in the V/L ratio is directly pro-
portional to the accuracy in measuring the concentration and 
inversely proportional to the flowing quality,, The accuracy 
in measuring the temperature and pressure also affects the 
measured V/L ratio* The range of applicability is determined 
largely by the greatest error that may be tolerated in the 
V/L ratio and by the accuracy to which the concentration may 
be determined, 
Observations were made when a dye was injected into 
the two-phase flow in a glass pipe. It was observed that for 
a steady injection rate the dye was not distributed evenly 
in the liquid phase except in the cases of annular, strati-
fied, or bubble flow* As irregularities appeared in the 
flow, the dye became evenly distributed in the liquid phase, 
These axial gradients were observed in some cases as far down 
the pipe as lj.0 feet where the fluids were discharged to the 
sewage system* Because of this and inconsistencies found in 
the data when the solute was injected during two-phase flowp 
it was concluded that the solute should be injected during 
single-phase flow0 
The need of a continuous method for monitoring the 
concentration in the liquid stream is pointed out0 The 
single-phase mixing length was determined as a function of 
the Reynolds number within a narrow range of variables to 
illustrate the magnitude of the mixing length necessary prior 
to the commencement of two-phase flow. Future work is urged 
x i i 





In the two°phase flow of a vapor and a liquid, one of 
the important variables necessary to characterize the flow 
is the ratio of the volumetric flow rate of the vapor to the 
volumetric flow rate of the liquid^ designated here as V/L0 
It may be noted from the literature that the V/L ratio is 
one of the variables used for estimating two-phase pressure 
dropso The variable X of Lockhart and Martinelli (1) is a 
function of the V/L ratio and other variables<> Armand and 
Tretchev (2) based their pressure-drop correlation on the 
single°phase pressure drop and the volume fraction of gas in 
the pipe^ Rgp which is a function of the V/L ratio and other 
variableso Ward5 G-ogliap et0alo (3) in evaluating a JP-ij. 
aircraft system have shown that the performance depends on 
the V/L ration the operating pressure and temperature and 
the dynamic flow pattern*, 
The V/L ratio may be determined for systems with no 
mass transfer between the phases from a knowledge of the 
mass flow rate of each phase9 the temperature and pressure 
of the fluidsp and the thermodynamic properties of the 
fluidso In systems of this type the mass flow rates of each 
phase can usually be metered and there are few complications 
in determining the V/L ratio„ However, in systems with mass 
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transfer between the phases such as evaporating flow or con-
densing flow in a tube, the V/L ratio is not so simply deter-
mined^ At present there is no known way of directly measuring 
the V/L ratio in systems with mass transfer between the phases. 
Because of the increased emphasis in the field of cryogenics, 
especially cryogenic fuels, a great deal of work has been 
done of late on two-phase flow* Nuclear reactor technology 
and power generation from reactors have also caused a need 
to better understand the basic mechanisms of the phenomena of 
two-phase flow. In industrial operations involving evapor-
ation; flashing, condensation and evolution of condensed 
gases, there is a need for better knowledge and fundamental 
concepts to facilitate design of new equipment and to enable 
•valuation and refinement of existing facilities<, In most 
of these operations and in the research being carried on in 
two-phase flow there is a need for a method of directly 
measuring the V/L ratio. 
Ward, e^.a^. (I4.) have suggested two indirect methods 
for measuring the V/L ratio based on the work of Dengler and 
Addoms (5>) and Linning (6)„ One method involves injecting a 
non-volatile solute, soluble in the liquid phase, into the 
flow streanu By injecting at a known rate with respect to 
the total mass flow rate and by measuring the temperature, 
pressure, and concentration at a point downstream, the V/L 
ratio at that point may be calculated,, The other method 
involves measuring the temperature, pressure, total mass flow 
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rate, the volume fraction of liquid in the pipe, and the flow 
rate of momentum. The V/L ratio may be computed if these 
quantities are known at the point in question. 
To pnvide the background for these two methods, con-
sider a two-phase system at steady state, vapor and liquid, 
with the fluids flowing co-eurrently. The continuity equation 
may be written for each phase. 
?aWa (1) 
V, Aj^VV^ (2) 
Dividing equation (1) by equation (2) gives 
ih = *&4 o) 
Vjj Ajt w i vt 
The flowing quality, x, is defined as 
x . _ ^ s — „ *U_ w 
and fcjie s t a t i c q u a l i t y , y, i s defined by 
A 
«r> $<** A I (5) 
Prom equations ( 3 ) , (\\.) and (5) the fo l lowing re lat ions 
are defined: 
W, = xW (6) 
k 
3 \ + V-& 
v/ t - ^ 
A< ' 7 7 ^ 1 ^ (9) 
If one defines the ratio of the velocities, K, as 
_ >c 
Vi_ _ v - x Ks -3- —~— (10) £ T* 
then using equations (3), (&)* (7) and (10) the V/L ratio 
may be expressed in the following forras„ 
T" KAl (11) 
L v* v^4 (12) 
X - A. ,_* -
L V<. I - * (13) 
It may be noticed from equation (10) that only when 
the velocities of the phases are equal is the static quality 
equal to the flowing quality,, 
In the concentration method of determining the V/L 
ratio, a non-volatile solute is dissolved in the liquid 
phase or a substance not soluble in the liquid phase is added 
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to the gas phase. Consider that a solute is dissolved in the 
liquid phase prior to the commencement of two-phase flow such 
that the concentration in the liquid is CQ mass fraction at 
the point of injectionQ At a point downstream where two-
phase flow exists the concentration of solute in the liquid 
phase will be C By a material balance one obtains, for 
steady state, 
C0W -CW ( Uk) 
The continuity equation gives 
Combining equations (lij-) and (l£) gives 
%= £z - \ (16) 
Wq CLa 
By substituting equation (12) into equation (16), an 
expression for the V/L ratio is derivedo 
f=t(£-0 (17) 
The main disadvantage of this method is the contami-
nation of the fluid but the variables which must be known are 
more difficult to measure,, In order to provide a comparison 
of the two methods and to be able to understand the mejrits oT 
each method a brief outline of the "momentum" method is helpful. 
6 
The total momentum flow rate past a section Is given 
by 
= v ^ ^ H A (is) 
Using the continuity equations (1) and (2) and equations (6) 
and (7), M may be expressed as 
VqX'W" y, 6 ' ^ W 1 (19) 
M " ~ £ * T a=A< 
Using equations (8) and (9) and defining a as 
1/. u A. (20) 
equation (19) can be solved for x, the flowing quality. The 
result is 
_ ^ W T M ^ ^ V ^ 7 ^ 1 ^ ) ] 
* « 
(21) 
Vo +• CLVi 
Then by using the value of x so obtained the V/L ratio 
may be determined from the expression 
jL - yk- Y ^3) 
L "vf" i-x 
This method involves the measurement of the temperature, 
pressure, total mass flow rate, the volume fraction of the 
pipe occupied by the liquid, and the total momentum flow rate 
at the point in question. While this method involves more 
measurements and is more complex, it appears useful for a 
wider range of systems. Although it will take considerable 
ingenuity to design a device for the measurement of the 
momentum with a minimum disturbance of the flow pattern, this 
method does have the immediate advantage of preventing con-
tamination of the fluid in question. The concentration 
method should find an immediate amplication as an aid in the 
development of the momentum method,, 
It mav be noted that the simultaneous determination 
of the V/L ratio and the volumetric fraction of liquid in 
the conduit, R-j_, may be used to calculate the average veloci-
ties of the phases. Several investigators have measured the 
volumetric ratio for various systems. Dengler and Addoms 
(5) measured R̂_ based on the development work of Lee (7). 
Isbin, ejb.al. (8), in determining th~ ratio of the veloci-
ties of the two phases, measured the volumetric fraction of 
gas in a pipe and reviewed the known methods of measurement. 
The complexities that arise in studying and charac-
terizing two-phase flow may be better understood by a 
qualitative examination of the flow regimes that can exist. 
The flow patterns do not change from one pattern to the next 
at any well-defined transition point, but rather over a 
comparatively wide range of flow variables. These flow 
patterns deoend on the relative amounts and velocities of 
8 
the phases, the nature of the phases such as viscosity and 
density, the geometry of the piping, entrance effects and 
external forces acting on the fluid0 
Although different investigators have used varying 
nomenclature for the regimes, the following terminology will 
be used throughout this reports Seven basic flow patterns 
have been observed in the horizontal co-current flow of a 
liquid and a gas0 When starting with a horizontal pipe 
running full of a liquid and adding increased amounts of the 
vapor phase, they ares 
1» bubble flow, in which bubbles are entrained in the 
liquid and move at approximately the same velocity as the 
liquid? 
20 stratified flow, in which the gas occupies the 
upper portion and the liquid the lower portion of the pip« 
with a smooth interface between phases % 
3c wave flow, in which the smooth interface becomes 
disturbed by waves; 
I4.0 plug flow, in which the waves fill the total area 
of the pipe cross-section such that large plugs of gas move 
along the pipe length with the liquid phase controlling? 
bo slug flow, in which rapidly moving slugs of liquid 
move along the pipe length with the gas phase controlling; 
60 annular flow, in which a high velocity core of gas 
forces the liquid around the periphery of the tube wall in 
the form of an annulus j and 
9 
7o mist flowj, in which drops of the liquid are dis-
persed throughout the continuous gas phasea 
It should be pointed out that although these basic 
patterns exist9 the transition from one regime to another is 
not smooth and various combinations of these patterns are 
possible9 such as slug-annular and wave-annular„ 
Figure 1 contains sketches of the various flow pat-
ternso All of the basic flow patterns except mist flow, as 
well as several combinations, were observed in this study* 
Parrot (9) on the basis of 61|7 experimental runs observed 
the flow regimes shown in Pig,, 2„ These observations were 
made on the apparatus used in this investigation and his find-
ings are reproduced for reference and clarity0 The visual 
observations made during this investigation agreed with Par° 
rot?s findingso 
From the foregoing discussion it appears that the 
momentum method has9 in principle, considerable merit to 
recommend the development of a practical method for measur-
ing the V/L ratio based on this principle0 As an experimental 
tool, the concentration method has utility in this pursuitp 
specifically as a check on the accuracy of the momentum 
method, 
The purpose of this investigation, then, was to evalu-
ate the concentration method in a system without mass transfer 
to determine its limitations, the degree of accuracy obtain-
able, and, insofar as possible, specify and furnish the data 
10 
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Figure 1. Two-Phase Flow Patterns 
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Figure 2. Observed Flow Patterns for Co-Current 
Flow of Air-Water Mixtures in 1 1/2-Inch 
Pipe as a Function of Air and Water Mass 
Flow Rates. (Parrot (9)) 
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necessary to make the method practicable to other systerns0 
The experimental phase consisted of determining the 
V/L ratio by the concentration method and comparing this with 
the metered V/L ratio to establish the limits of accuracy,, 
Associated problems such as injection methods, mixing lengths, 
sampling techniques, and range of applicability were also 
determined approximately* 
A preliminary study was made to determine the solute 
type, sampling techniques and the effects of measurement 




Prior to the commencement of the experimental work, 
several problems were taken under advisement0 The solut* 
type, method of injection of the solute, and the analytical 
method of determining the concentration of the solute during 
two-phase flow were considered to make the concentration 
method as generally applicable as possible to other systems 
and to obtain optimum results from this investigation, In 
determining the solute to be usedp it was decided that the 




3c easily analyzed for; and 
lf.0 easily characterized, i„e0, the thermodynamic 
and physical properties should be available,, 
In addition to these four primary requirements, the 
toxicity and cost of the material must also be consideredo 
Requirements (1) and (3) tend to eliminate most organic com-
pounds, especially because of the difficulty of the quanti-
tative detection of such compounds0 The methods of deter-
mining the concentration of the solute must be considered 
concurrently since the ease and rapidity of concentration 
Ik 
measurements are important• Several general techniques were 
considered, foremost among which were methods involving 
measuring the photoconductivity of a dye solution^ the elec-
trical conductivity of an electrolyte, the refractive indexp 
the density, or the normality by titration The purity of 
water from the city water supply was not such that one could 
consider measuring the electrical conductivity, the refractive 
index, or the density with any desired degree of accuracy, 
Because the water storage tank was open to the atmosphere and 
because of the oxidation of the steel pipes in the apparatus, 
the water would undoubtedly be contaminated rendering the 
latter three methods useless0 The determination of a dye in 
solution was briefly considered (Appendix IV) and rejected,, 
Titration appeared to be the most appropriate method and 
consequently it was used in this study0 
Titration methods are most accurate when an inorganic 
salt is used2 but the chief disadvantage in using an elec-
trolyte is that they are generally very corrosive0 The more 
common electrolytes were reviewed and it was noted that mild 
sodium hydroxide solutions have little corrosive effect on 
steelo Physical and thermodynamic data are widely published 
on aqueous sodium hydroxide solutions. Viscosity data over 
the range of this investigation are given in the International 
Critical Tables (10)0 These data are reproduced in Appendix 
III. Data on the temperature-density-concentration relation-
ship are given in the Chemical Engineers8 Handbook (11)0 
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These data were fitted to an equation of the form 
c« < Y - '» <22» 
where the constants a and b are functions of temperature and 
are given in Appendix III„ 
The only requirement imposed on the method of inject-
ing the solute into the flow system was that the injection be 
such that the rate of addition of solute be continuous and 
steady,, This was accomplished by imposing a constant pres-
sure on the solute reservoir and adjusting the flow by a 
valveo 
Ideally, the sampling method would be one for which 
the fluid was not disturbed in the pipe and the analysis 
carried out continuously• There are commercial instruments 
that could be adapted to continuously monitor the concen-
trat ionp howeverj, the expense was prohibitive0 In sampling 
the fluid at the test section^ the fluid was withdrawn from 
a point on the periphery of the pipe such that the sampling 
rate was a very small percentage of the mass flow rate of the 
phase being sampled0 
16 
CHAPTER III 
INSTRUMENTATION AND EQUIPMENT 
The apparatus used in this study was originally built 
by Ward (12) and has been used subsequently by Sharp (13)9 
Gossage (Ify.) and Parrot (9)» The equipment was modified 
slightly for each study and as a consequence contains com-
ponents that were not used in this investigation,, Only the 
elements essential to the experimental phase of this study 
will be discussed0 
A schematic diagram of the apparatus is shown in Fig0 
3o Photographs of the equipment are shown in Figsc Ij. through 
9o 
The apparatus consisted of, in its essential features, 
an air reservoir and air metering devices, a water supply 
tank, pump, flow meters, a mixing section where the air and 
water were brought together to establish a definite flow 
pattern, a test section at which point the V/L ratio was 
determined, and a solute injection system whereby a metered 
amount of solute could be added to the flowing fluids0 A 
section was installed for measuring the two-phase mixing 
length and solute injection points were provided for inject= 
ing a dye into the stream so that mixing effects could be 
observed in the glass pipe0 A detailed discussion of these 
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Figure 9. Mixing Length Section. 
2k 
lowing paragraphso 
The Air Supply System0"~Compressed air was furnished to an 
eight cubic foot storage tank by an Ingersoll-Rand 5>0 CPM 
compressor The compressor discharge varied from about 90 to 
10^ psig. vTwo glass wool filters were placed in the air line, 
one immediately proceeding the storage tank, and one in the 
storage tank discharge line. The flow of air from the stor-
age tank was regulated by two needle valves of different 
sizes which served as fine and coarse flow adjusters0 After 
passing through the needle valves the air passed through a 
3/8-inch Klipfel diaphragm-type reducing valve operated 
pneumatically,, This valve reduced the pressure from the 
supply tank to any desired pressure between 0 and 60 psigo 
After throttling, the air flowed through a Schutte and 
Koerting model 18200 Safeguard Rotameter with an aluminum 
61-K rotor0 A calibration chart for the rotameter was fur° 
nished by the manufacturer Pressure gauges, calibrated in 
this laboratory, were installed in the air line immediately 
proceeding and following the rotameter. The gauges were of 
the Bourdon typea The temperature of the air leaving the 
rotameter was measured by a mercury thermometer inserted in 
the air line. The air flowed from the rotameter into the 
test section through a 3/8-inch standard iron pipe which was 
teed at 90 degrees to the 1 l/2-inch water supply line0 The 
end of the 3/8-inch pipe, after being brazed into the water 
pipe, was carefully rounded so that it would conform to the 
25 
interior surface of the water line0 The air supply control 
panel is shown in Fig0 5° 
The Water Supply System,,-~The water from the city supply was 
fed into a conical bottom storage tank having a capacity of 
approximately 125 gallons. The tank discharged to the intake 
of an Ingersoil-Rand 1 CORVNL pump which had a capacity of 
75 GPM against a head of 120 feet of water0 The water leav-
ing the pump was metered through one of two small rotameters 
mounted in parallel or the rotameters were bypassed and an 
orifice was used to meter the flow* The smaller rotameter 
was a Fisher and Porter rotameter with a capacity of 20f> GPM, 
the larger rotameter was a Schutte and Koerting rotameter 
with a capacity of llo5 G?Ka The orifice had an useful 
range of lij. to 50 GPMQ A U-tube manometer containing mer-
cury and water measured the pressure drop across the orificeo 
The three flow meters were calibrated in this laboratory„ A 
recycle line from the pump discharge to the water supply 
tank was installed to allow the pump to operate at its rated 
capacityo Fig* 6 shows the storage tank, pump and rotameters0 
The Mixing Section,°°The mixing section consisted of 15 feet 
of 1 l/2-inch copper pipe flanged to a section of Pyrex 
Double Tough 1 1/2-inch glass pipe, 5 feet long, two Crane 
company number 1001 long-sweep 90-degree drainage elbows, and 
several additional feet of 1 l/2-inch schedule 80 iron pipe 
which served to connect the mixing section with the test sec-
tion,, This section should not be confused with the mixing 
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length section,, 
The Solute Inject ion System<>—-A cy l ind r i ca l tank with a 
capacity of 2„I4. gallons and tes ted to 105 psig served as a 
reservoi r for the so lu te 0 An a i r l ine from the a i r supply 
tank to the solute supply tank furnished the necessary 
pressure0 A Fisher Governor Company Type 67 pressure con-
t r o l l e r i n s t a l l ed in the l ine maintained a constant pressure 
of 1+0 psig on the solution,, The tank had a f i l l l ine and a 
drain l i n e . The drain l ine was used to obtain samples of 
the solut ion for concentration determinations, The solut ion 
flowed from the tank through a Fiaher and Porter rotameter 
having a capaci ty of 0.810 GPM. A copper-constantan thermo-
couple was placed in intimate contact with the l ine leading 
to the rotameter and insulated from the atmosphere„ The 
po ten t i a l of the thermocouple was measured with a Leeds and 
Iforthrup Ser ia l 7826I42 potentiometer. The f lu id passed from 
the rotameter through a 10-foot length of l / l t - lnch copper 
tubing to a point 20 inches downstream of the or i f ice where 
the tubing teed into the 1 l /2 - inch water l ine 0 
Lines were also provided from the rotameter to a point 
[j. inches upstream of the glass portion of the t e s t sec t ion 
and to the in ject ion r ing on the mixing length section,, 
The Test Section, -»The t e s t sect ion consisted of 19i|- inches 
of 1 1/2-inch Double Tough Pyrex Glass pipe for visual obser-
vation of the flow pa t te rn and a sect ion of 1 1/2-inch 
schedule 80 s t e e l pipe was inser ted in the center of the t e s t 
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seetiorio At this section of steel pipe the temperature and 
pressure were measured and means were provided whereby samples 
could be withdrawn from the flowing fluids (Fig0 7). The 
pressure was measured by a Bourdon-type pressure gauge cali= 
bra ted in this laboratory and connected by l/lj.-inch tubing to 
3 points, 120 degrees apart, on the tube circumference„ This 
"multiple pressure pick~upl? device is shown in Fig* 80 The 
l/î -inch tubing was inserted in a bored hole in the pipe and 
brazed in position, care being taken to insure a flush fit 
on the interior surface of the pipe wall* The steel section 
was connected to the glass pipe by flanges, the inside diam-
eter of the flange conforming to the inside diameter of the 
pipe, A thermocouple lead was imbedded in the rubber flangs 
gasket such that the bead protruded l/8 inch into the stream,, 
A Leeds and Northrup Serial 7826I4.2 potentiometer was used to 
measure the potential0 At the center of the section? \\. 
sampling lines were located tapped at 0, 909 135 and 180 
degrees circumferentially from the top of the pipe0 These 
l/l;~inch lines were brazed into the pipe such that the inner 
surface of the pipe remained smooth,, Valves were fitted on 
each line to permit adjustment of the sampling rate,, A l/Ij.-
inch copper line was installed from the solute injection 
system to a point l± inches upstream of the beginning of the 
glass section* This provided a means of injecting a dye into 
the streama 
The Mixing Length Seetion0--After the experimental determi-
2d 
nation of the V/L ratio by the concentration method was com-
pleted, a 5°foot length of schedule 80 steel pipe was installed 
in the test section replacing the last section of glass pipe. 
At th© upstream end of this pipe a device similar to a piezom-
eter ring allowed the solute to be injected into the stream,, 
Sample take-off tubes were located every 6 inches downstream 
of the injection point for a distance of 51j. inches. These 
l/8-inch copper tubes were set into the under side of the 
pipe and soldered into position such that they did not pro-
trude past th© inner wall of the pipe* The "piezometer" ring 
was constructed of 2 pieces of 2-ineh I„D. radiator hose 
1/2-inch wide, two 2-inch hose clamps and a 2 x 8 x 1/16-
inch piece of galvanized tin0 At the point of injection 17 
l/32~inch holes were drilled in the steel pipey spaced 1/8 
inch ©n centers, the middle hole later positioned at the 
bottom of the horizontal pipe, The tin piece was fitted 
around the pipe forming an annulus, the hose acting as gaskets, 
and the device secured with the hose clamps* Two l/î -inch 
copper tubes were brazed into the tin and joined at a tee 
where the line from the solute system joined in. This section 
is shown in Pig. 9o 
Solute injection points were provided 2 inches up-
stream of the glass test section and 3 inGhes upstream of a 
1-inch glass pipe which ran parallel to the mixing section. 
This 1-inch line branched off from the 1 l/2-inch mixing 
section 6 inches downstream of the point at which the air was 
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injected into the mixing section.. The l=inch line ran paral-
lel with the mixing section for 22 feet and then rejoined the 
mixing section., This 1-inch pipe was all copper except for a 
l=ineh I„D0 Pyrex Glass section 66 inches in length* These 2 
injection points provided means whereby a dye could be in-




The primary experimental purpose was to measure the 
V/L ratio by the concentration methocj and compare the results 
with the values obtained by metering the separate phases* 
The first step was the calibration of the flow meters and 
pressure gauges0 The calibration of the air rotameter fur-
nished by the manufacturer was accepted0 
In determining the V/L ratio by the concentration 
method, the water rate was set at a constant value from 
approximately 0o7 to 5>0 GPM and the air rate varied from 
approximately OoOOlj. to 0009 pounds per second. The solute 
was injected at a known rate and appropriate variables were 
measured0 A typical run was made by setting the water rate 
at a steady value. The air rate was adjusted to some steady 
rate and the solute injection started. A previous injection 
of dye had shown how long it would take for the solute t« 
reach the test section,, After the proper length of time had 
elapsed, samples were taken from the test section and the 
solute supply tanko At the same time readings were taken of 
the measured variables and recordedQ These measurements in-
cluded the water rate, water temperature, air rate, air 
pressure, air temperature, solute rate, solute temperature, 
test section temperature and test section pressure. Prom 
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these data and the normalities of the samples, the V/L ratio 
could be computed. Then the air rate was changed and the 
procedure repeated except that samples were taken from the 
solute supply tank only at the start of a series of runs and 
at the end of a aeries of runs• Usually about 5 different 
air rates were used for each water rate0 
In determining the two-phase mixing lengthy Ioeop the 
length of pipe necessary for mixing when the solute was in= 
jected during two-phase flow^ the procedure was about the 
same as described in the preceeding paragraph except that th« 
solute was injected through the ,8piezometerw ring on the 
mixing-length sectionD Samples were taken simultaneously 
from the sample take-off tubes and the same measurements 
were made except that the test section temperature and pres-
sure were excluded,, 
The concentration of the solutes sodium hydroxide, 
was determined by titrating the samples with standard hydro-
chloric acid in the presence of phenothalin indicator, 
Visual studies on the mixing lengths were made by 
injecting a solution of Rosanillne Hydrochloride (a red dye) 
or Malachite Green (a blue-green dye) at the injection 
points upstream of the glass observation sections0 For these 
studies air and water rates were recorded and comments on the 
effects observed were recorded,. The rate of injection of 
dye was not recorded since the injection rate was usually 
less than 5 per cent of the full scale reading, 
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CHAPTER V 
DISCUSSION OF RESULTS 
The experimental data and calculated results are pre-
sented In Tables 1, 2 and 3 and Pigs. 10 and 11„ The original 
data are on file in the School of Chemical Engineering of 
the Georgia Institute of Technology0 
It should be noted that the experimental phases of 
this study necessarily contained some artificial factors„ 
Since there was no mass transfer between the phases9 the con-
centration of solute was the same at all points in the two-
phase flow system^ therefore it was not necessary to meter 
the solute Into the streamD The only requirement was to 
maintain a steady flow of solute into the stream^ then the 
concentrations C and CG could b© computed from one concen-
tration measurement and the known mass flow rates0 However, 
in order to simulate a system initially in single-phase 
flow9 the sum of the mass flow rates of the air and water at 
the point of injection were considered to be the mass flow 
rate of a one-component system in single-phase flow and CQ 
was determined by metering the solute0 This discussion will 
be based on the ^premise" of single-phase flow existing 
Initially,, 
The expression for the maximum error in the V/L ratio 
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where P and T are measured at the point where the V/L ratio 
is desired,, If one considers the V/L ratio determined by 
metering the phases as correct, then the error due to con-
centration technique may be expressed by e0 
•= W m [\-k (2k) 
L ) M 
Substituting from equations (12) and (17) and remem-
bering that Vg/v^ is determined by the same measurements 
for both methods one obtains 
t A\$X> \{^r 
$- \ " W m 




Equation (25) gives an accurate estimate of the 
error in the V/L ratio by the concentration method provided 
that the error in the (W^/Wn) ratio is small compared to e0 
o *• m 
Since (W~/W^)m was determined by metering the phases sepa-
rately, it was possible to assess the probable error in this 
value by estimating the uncertainty of each observation when 
the instruments were read, 
Table 1 gives (Wff/W^)m and the estimated error in 
(Wg/W^)TO due to instrument precision,, The error, e, due t© 
Page missing from thesis 
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the concentration method is also given in Table 1* 
Figure 10 is a graphic representation of the errors 
due to the concentration method* In presenting these data it 
was desired to separate the effect of pressure and temperature 
errors from errors due to the concentration measurements. 
Therefore the per cent error in the V/L ratio and equiva-
lently in the Wg/W^ ratio was plotted against (Wg/W^)m. It 
can be seen from equation (16) that the concentration measure-
ments alone determine the W„/W^ ratio and that the temperature 
and pressure measurements at the test section are responsible 
for the ratio of the a pec ific volumes vg/vi„ Multiplication 
©f (Wg/W1)m or(-£- -|) by vg/v1 gives the V/L ratio0 Thus by 
equations (2lj.) and (25) e represents both the error in the 
(V/L)c ratio and the (Wg/W1)c ratio. Therefore by using 
(W-/WO as the abscissa the effects of errors from pressure 
and temperature measurements at the test section are elimi-
nated,, 
Equation (23) also has been plotted in Figure 10 to 
show the maximum error that can be expected for one, two, and 
three per cent errors in the concentration measurements and 
no errors in the temperature and pressure measurements. Con-
sidering the values for Wg/W]_ greater than 0o01 it was found 
that 63.5 per cent of the values indicated an accuracy of 
1 per cent or better in concentration measurements, 79.3 P©r 
cent showed an accuracy of 2 per cent or better, and 92*1 per 
cent indicated an accuracy of 3 per cent or better,, 
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Figure 10. Per Gent Error in V/L Ratio (or Wg/W-ĵ  Ratio) 
Measured by Concentration Method Versus (Wg/W^J^-
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A major source of error was the length of time neces-
sary for the fluid to flow from the point of injection t© 
the test section^ i0e., steady state could not be maintained. 
In some cases this was as long as two and one-half minutes„ 
Because the flow rates sometimes tended to change slightly 
with time due to varying back pressure on the water pump and 
solute tank, it was occasionally difficult to obtain the 
readings for the water rate and solute rate that corre-
sponded to the sample. This hold up was often the greatest 
factor in estimating the uncertainty in the flow rates. In 
analyzing the withdrawn samples, the normality determined by 
the titration was accurate to 1 per cent* but the uncertainty 
in metering the mass flow rates increased the error in CQ 
considerably* If 0o had been determined by withdrawing a 
sample from the stream during single-phase flow, then the V/L 
ratio determined by the concentration method would be inde-
pendent of the mass flow rate. Obviously this was not 
appropriate in this investigation. The range of applicabil-
ity of the concentration method on a particular system is 
largely determined by the accuracy to which the concentration 
may be determined, 
Up to this point the ratio of the specific volumes has 
been dealt with only briefly,, In most two-phase systems 
temperature measurements present no problem but the pressure 
determination in two-phase flow often causes considerable 
concern. In flow regimes such as stratified or annular the 
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pressure at a particular point remains constant with time 
whereas in slug or plug flow, the pressure varies greatly. 
Rapid fluctuations between 5 and 20 psig were observed dur-
ing plug flow, In a case like this, the V/L ratio was some-
what of an average value and although the limits of the 
ratio were established the variation of 100 per cent in the 
pressure makes the V/L ratio somewhat vague„ So far this is 
an inherent difficulty in characterizing two-phase flow,, 
The use of sodium hydroxide as the solute was very 
satisfactory,, Determination of the normalities of the 
samples by titration was accurate but time-consuming,, Al-
though a large proportion of the pipe network was mild steel, 
no increase in corrosion was noted over a two-month period. 
In fact, the presence of an 8 per cent NaOH solution in the 
supply tank arrested the formation of rust in the tanko 
During the earlier part of the experimental program 
the solute was injected at a point where the two-phase flow 
pattern had developed, about 35 feet upstream of the test 
section,, Samples were taken simultaneously from the lowsr 
3 sampling tubes at the test section but it was found that 
the concentration of the different samples varied as much 
as 10 per cent for the same run. The injection point waj 
then repositioned to a point 20 inches downstream of the 
orifice such that the solute was injected during the single-
phase flow of water,, The concentration of the samples agreed 
when the solute was injected at the latter point0 
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Similar inconsistencies were observed later in the 
investigation when an attempt was made to measure the two= 
phase mixing length0 The solute was injected through the 
"piezometer" ring in the mixing length section and samples 
were taken every 1+. diameters down the pipe for a distance of 
five feeto Since the concentration could be determined only 
at the pipe wall the length necessary for mixing could be 
found by noting the point at which the concentration leveled 
offo However, in checking the consistency of the data ob-
tained j, it was found that even though the concentration was 
constant after a certain point it was not possible to obtain 
a mass balance on the sodium hydroxide using the known flow 
rates and the measured concentration Only when the flow 
was annular or stratified could a mass balance be obtained,, 
In order to gain an insight into this problem^ the solute was 
changed and a dye usedo This dye was injected at a point 
several inches upstream of the glass observation section0 
Upon injecting the dye into the two^phase stream it became 
obvious why the concentration measurements were inconsistent 
in the first attempt at measuring the V/L ratio and in the 
mixing=length determinations0 When the dye was injected at 
a steady rate and the water rate at the section was fluctu= 
ating due to waves or slugs9 the dye was not evenly dis-
tributed in the fluido In slug flow the effect was most 
noticeable0 By observing a point several feet downstream of 
the injection point it was noticed that prior to a slug 
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flowing past the section the fluid appeared to be a uniform 
color but as the slug passed the section the color was in-
tensified, The fluid immediately behind the slug was almost 
clear but as more fluid flowed past, the color deepened until 
another slug passed and the color was again suddenly intensi-
fied, Although just the bulk of the fluid in the slug would 
tend to give the impression of a darker color, this was not 
the case0 The concentration definitely began to build up as 
indicated by the color in the fluid proceeding the slug and 
increased suddenly in the slugo This effect was verified by 
three observers. Depending on the type flow this effect 
became less noticeable down the length of the pipe but the 
effect was observed after the fluid had flowed through i|0 
feet of pipej, an open gate valve, and a sudden expansion* A 
series of runs was made at water rates from 007 to £0 GPM 
and at air rates from 0 to 0,09 pounds per second0 Ten water 
rates were used and the air rate varied continuously from no 
flow to maximum flow at each water rate0 
On the basis of these runs it appeared that only dur-
ing smooth flow, i.e., annular, stratified or single-phase, 
did the mixing become complete within twenty feet. For 
these types of flows, the dye was injected proportional to 
th© fluid flowing past the point of injection. As irregu-
larities (waves, slugs, plugs) appeared in the flow the 
average concentration with respect to time at a cross-section 
was not constant,, Because the waves or slugs moved at a 
ko 
velocity greater than the average velocity of the water, the 
effect wag mitigated down the length of the pipe but the 
effect often was still noticeable at the last point of ob-
servation, approximately forty feet from the point of injec-
tion As the frequency of the irregularities increased, the 
effect was raitigatedo 
This seemed to explain the lack of agreement between 
the concentration of the samples when the samples were taken 
at different points on the periphery of the tube. Samples 
taken at the point 90 degrees from the top contained fluid 
mainly from the slugs while the sample taken from the bottom 
of the tube had a much lower concentration In measuring the 
mixing length, this also explained why the samples often ana-
lyzed at a much lower concentration than was indicated by a 
mass balance., 
The conclusion to be drawn from this is that unre-
liable results may be obtained if the solute is injected 
during two-phase flow0 
The method of sampling, withdrawing fluid from the 
pipe at the surfacej, presented no problems but then it must 
be kept in mind that these samples were gross samples in that 
they represented the fluid flowing past a section for as much 
as ten seconds, The criteria was that the sampling rate 
should not exceed 2 per cent of the total water rate or 5> 
cubic centimeters per second, whichever was less* At the 
lowest flow rate of 0.7 GPM this required a sampling ratio of 
in 
one cubic centimeter per second and ten seconds to obtain the 
required sample. In taking samples, two outlets were used, 
the tubes 135 and 180 degrees circumferentially from the top 
of the pipe, If the concentration of the samples obtained 
agreed within 1 1/2 per cent, the run was judged acceptable„ 
An initial study showed that the concentration of samples 
taken simultaneously from all four tubes agreed within the 
limits of the accuracy of titration It may be noted that 
only in single~phase flow was the top sampling tube used* 
As mentioned before, an attempt was made to measure 
the two-phase mixing length, but the visual observations 
indicated that the mixing lengths were longer than could be 
measured on this apparatus„ However, it was felt that an 
indication of the a ingle-phase mixing length would be in 
order as a guide for utilization of the concentration method0 
In order to have found more than an order of magnitude ap-
proximation, it would have been necessary to consider solute 
types, methods of injection, state of velocity profile devel-
opment and perhaps other variables« Accordingly, a scheme 
was developed to visually observe the mixing length when a 
dye was injected at a single point at the pipe wallo The 
point of mixing was that point downstream of the injection 
point at which no color gradients could be observed* Since 
this observation was subjective, three different observers 
made independent observations,, The results are presented in 
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Figure 1 1 . S ing le -Phase Mixing Length Versus 
Reynolds Number for 1-Inch and 
1 1/2-Inch Glass Pipe. 
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are the results of one observer, and Tables 3C and 3D are the 
observations of the other two observerso In all the obser-
vations the degree of uncertainty was estimated at approxi-
mately eight diameters0 Because of the limited observations, 
no conclusions can be drawn. However, because the injection 
rate was less than 0o0l± GPM and the pipe was smooth^ these 
data should furnish the basis for estimating the maximum mix-




The c o n c l u s i o n s r e s u l t i n g from t h e e v a l u a t i o n of the 
c o n c e n t r a t i o n method f o r d e t e r m i n i n g the V/L r a t i o i n an a i r -
w a t e r sy s t em may be s t a t e d i n summary as f o l l o w s ; 
1* The c o n c e n t r a t i o n method may be u s e d to d e t e r m i n e 
t h e v a l u e of t h e V/L r a t i o i n a i r ~ w a t e r sys t ems w i t h the 
a c c u r a c y d e c r e a s i n g as t h e Wg/W^ r a t i o d e c r e a s e s , , 
2 0 The s o l u t e s h o u l d be i n j e c t e d d u r i n g s i n g l e - p h a s e 
f low s i n c e i t c a n n o t o r d i n a r i l y be i n j e c t e d i n t o a two-phase 




On the basis of this investigation^ it is suggested 
that additional study can be profitably pursued on other 
sys terns s, specifically the steam-water system© It appears that 
good results can be obtained at all but the lowest qualities 
but additional development is needed on a system with mass 
transfer between the phases• Should an investigation in this 
line be pursuedp the following recommendation is offered to 
improve the operation of the concentration methodo 
Although the use of air pressure provided a satisfac-
tory means of injecting the solute^ a slight improvement may 
be made by the use of a gear pump or some similar device that 
has an output independent of the discharge pressure,. The 
only requirement for the solute injection is that the rate of 
injection be constant© The actual rate is not needed since 
better results will be obtained by the measurement of C 





DATA AND RESULTS OP ALL RUNS 
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( l b / s e e ) (VWi}m 
e s t i m a t e d 
% e r r o r i n 
NREX (VDm ( V / D c 
100 e p 
% e r r o r 
i n ( V / L ) c 
101 # 0 ,0777 0 .299 2 . 9 4 i |A0U 2 5 2 , 5 273 06 8o3l+ 
102 0 ,0772 0 ,299 2 ,78 4 P 3 7 7 253*5 2 5 2 , 0 - 0 ,60 
103 0 ,0500 0 .207 3.214. i+pi82 1 7 5 . 8 166 , 4 - 5o34 
lOii. 0,0lj.2lj. 0 ,178 3-37 4 p l 4 5 1 5 1 . 6 158 oO 4 , 1 6 
105 0 ,0292 0 .112 3»69 4*594 95-0 9 8 , 9 4°09 
107 0.0l|.05 0 ,152 3*33 Up 689 1 2 9 . 5 1 3 1 . 5 lo57 
110 0 ,00969 O0O363 5 .98 4 P 7 0 4 3 0 . 9 ko*l 31o6 
111 O0O87U 0 ,326 2 ,80 l|.9 681 277 o3 269o6 - 2 , 7 8 
112 0 ,0812 0 ,290 2 , 7 3 4 P 9 3 5 2I4.6.8 2 3 8 , 3 - 3 . 4 6 
113 0 ,091 i | 0 ,207 2 , 7 6 7 P 7 9 9 1 7 6 , 0 180 ,6 2 . 6 3 
Ilk 0 ,0633 0 ,138 2 , 9 4 8 9070 116 ,7 132,14. 13*4 
115 0,014-13 0 ,0898 3*32 8,0714- 7 6 , 2 1 1 0 , 1 44-5 
Rune 1 through 87 were for calibration and familiarization and are not 
reported. Runs 88=100 were not made. £ 








e s t i m a t e d 
% e r r o r i n 




(V/L) m ( V / L ) 0 
100 e , 
% e r r o r 
i n ( V / L ) c 
116 5 l o 5 77o2 1+9.9 
117 0o0190 0.01+07 l+o50 8P128 3i+e5 8 2 . 6 1 3 9 . 6 
118 O0OIO3 0 .0216 5o80 8 ,325 1 8 . 3 7 8 . 1 3 2 6 . 5 
119 0 . 0 9 0 3 0.121+1+ 1+.01 12*333 1 0 5 . 2 9 ,076 8 , 5 3 1 . 0 
120 0.061+5 0o0865 2.1+6 12,1+55 72o9 93o9 28o9 
121 0.01+1+2 0o0598 2 . 8 5 12 P 522 50.1+ 7 7 . 6 53o8 
122 O0OI86 0.021+7 3*99 1 2 , 7 8 5 2 0 . 8 31+.6 6 6 . 5 
123 0 ,00997 0.0131+ 5ol+5 12 ,598 1 0 . 6 17o6 6 6 . 6 
121+ 0 .0902 0 .0886 3 .83 16P997 6 9 . 9 66 .7 -1+.55 
125 0 .0680 0 .0660 3 o 7 l 17 9 207 5 2 . 0 1+106 =19o9 
126 0 0 01+51+ 0o0ijj+0 2.1+1 17 ,239 37o0 1+7.8 2 9 . 0 
127 0 ,0277 0 .0269 2 .97 17 P 21+0 2 2 . 7 2 0 . 5 - 9o67 
128 0 .0112 0 .0108 1+.61+ 17pl+03 9 .06 3*96 =56.3 
129 0.091+5 0.071+1+ 1.77 21 ,882 58.9 167 .7 181+.6 
130 0 .0553 0 .0515 3 .77 21 ,876 1+0.8 8 2 . 1 1 0 1 . 3 
4=-




( l b / s e c ) 
0 ,0450 
<V*l>m 
e s t i m a t e d 
% e r r o r i n 
( W g / W ^ NREX (V/L) m ( V / L ) c 
100 e , 
% e r r o r 
i n ( V / L ) c 
131 0 a 0349 5o63 22,014.7 2 8 , 5 65d 128*5 
132 0 ,0313 Oo 021^0 5o69 22 ,010 19o8 6 6 , 9 238 
133 0 , 0 1 1 6 0*00886 10 ,70 2 2 , 0 8 ^ 7o47 49o4 562 
13k 0o00692 0 ,00529 6 ,68 2 1 , 9 5 5 4o46 5 3 o l 1,092 
135 Oo00559 0 ,00351 7 .77 26 ,405 2o95 40,6 1,276 
136 O0OI6I 0 ,0101 3.9U 2 6 , 3 3 1 8 ,52 56,6 565 
2 37 0 ,0306 0 ,0195 5o54 25 P 981+ 1 6 , 4 67 o4 310 
138 0 ,0456 0 ,0290 k«k3 25 ,996 24o4 7 0 , 1 187 
139 0 ,0927 0 ,0602 2 . 6 4 25 *334 47,4 7 9 - 1 6608 
li+O 0.059U 0 ,0379 3*22 25,853 30o4 65o9 116 06 
141 0o010l+ 0 ,00375 9 ,90 46,705 3 .09 16 ,90 4 4 6 , 0 
142 0o0102 0 ,00370 1 0 . 0l | 46P686 3 . 0 5 8 ,74 187 o0 
143 0o0207 0 ,00768 6 ,38 44p115 6 ,23 =180 3 -394*0 
Ikk 0 , 0 3 3 3 0 ,0125 5 . 0 8 42P480 9,80 8 ,65 - 11 ,7 
145 0 ,0440 0o0167 4*65 4 2 , 0 1 7 1 2 , 3 2 , 1 1 - 8 2 , 9 v* 
0 






















































(V/L)c in (V/L)c 
13.6 - 25.4 
- 0.46 -102.2 
-26.6 -1,428.0 
14.4 272.0 
-14.0 - 326.0 
26.5 193.0 
-16.1 -1,584.0 
- 6.85 - 161.0 
-17.5 -4*184.0 
12.78 590.0 
- 6.41 - 299.0 
- 7.83 - 412.0 
- 23.1 -1,239. 
5o53 312. 
= 1.81 - 179. 
Table 1 . R e s u l t s of V/L D e t e r m i n a t i o n by the C o n c e n t r a t i o n Method ( c o n ? t . ) 
Run Wg 
No. ( l b / s e c ) 
161 O 0 O 2 9 1 
162 0.0397 
163 0 .0500 
1614- 0.01014. 
165 0 .0200 
166 0,0314-9 
167 0 .0515 
168 0.0667 








% e r ror in 
(Wm ( W 
0.00519 3.U 
0.00716 3.0 
0 .00908 3 . 2 
0 .00232 6ol| 
O.OOI4.39 I4-.I 
0 .00778 3 . 2 
0 .0112 2 . 7 
O.OII4.6 2 . 5 
O0OI83 2 . 6 
0 .00268 6 . 1 
0.00513 k*2 
0.00583 1+.0 
0 .0105 3 . 0 
O.OII4.9 3 .6 
0 .0202 20l4-
NREI (V/L) m 
86 ,663 3 .22 
8 5 , 5 9 1 ^ . 2 3 
85,101; 5 .12 
6 9 , 3 3 5 1 .81 
70 .353 3 . 2 1 
68 ,797 5 .09 
7 0 , 5 6 1 6 .95 
6 9 , 8 5 5 8.6I4. 
69 .208 9 .88 
5 7 A 6 2 2 . 1 8 
5 7 , 5 2 5 I4-.O8 
5 7 A 5 2 t.35 
5 7 , 6 1 8 7 .37 
5 7 , 5 3 8 9o77 
58 ,818 1 1 . 9 
100 e , 
% e r r o r 
( V / L ) c i n ( V / L ) c 
7.14.3 - 130 . 
- 2 5 . 6 - 70I4-. 
3 . 9 3 - 2 3 . 3 
7 . 0 3 2 8 8 . 
12.lj. 2 8 5 . 
2 9 . 0 1;70. 
- 1 7 . 0 - 3W4-. 
0.514- - 93 .7 
14..91 - 5 0 . 3 
- 3 2 . 6 - 1 , 5 8 9 . 
- 2 . 0 5 - 150 . 
114..6 2 3 5 . 
2 . 1 8 - 70.14. 
9 .13 - 6.I4I4. 
1 1 . 5 - 3 . 88 
Table 1 . R e s u l t s of V/L D e t e r m i n a t i o n by the C o n c e n t r a t i o n Method ( c o n ' t 0 ) 
<VWl}m 
e s t i m a t e d 
% e r r o r i n 
N R E X ( V L ) m ( V / L ) c 
100 e0 
% e r r o r 
i n ( V / L ) c 
0 .0209 2 , 6 5 8 ? l i | 2 11 ,8 6.J4.2 - 45-6 
0 . 6 6 4 3<>3 1*734 5 5 8 , 0 4 8 3 . 0 - 1 3 . 5 
0 .697 ij—3 1,791 588 o0 5 9 3 . 0 0 . 8 8 
0 .457 5*8 1,823 386 ,0 4 0 2 . 0 4 . 1 1 
0 o 3 l 6 5<>o lp8i |7 260 .0 2 7 4 . 0 2 . 7 4 
0 ,186 5o8 1*869 158 ,0 173<>0 9-4 
0 ,00369 1 1 , 3 33*648 3-13 1 8 . 9 5 0 3 . 0 
0 ,00238 16 . 4 31*448 2 .00 2 4 . 8 l s l 4 0 , 0 
0 .00732 7»0 30*426 6 .13 35o2 4 7 4 . 0 
0 , 0 1 2 1 S.2 3 0 . 0 3 4 1 0 , 1 4 8 . 1 3 7 6 . 0 
0 , 0 2 1 1 3<>9 29 ,625 1 7 . 6 45.6 159 oO 
0 .0297 3 . 2 29*664 2 3 . 7 2 7 . 5 1 6 . k 
0 .0370 3o9 2 9 , 8 8 4 28.I4- 2 4 . 2 ~ 111.. 7 
0 .0437 3 .7 3 0 , 1 1 5 3 1 . 2 W . l U l . 3 

















190 0.0127 14  .9 .  -  y\ 
Table 1 , R e s u l t s of V/L D e t e r m i n a t i o n by t h e C o n c e n t r a t i o n Method ( c o n c l u d e d ) 
Run 
No. 
W S ( l b / s e c ) 
191 0 .0213 
192 0 ,0319 
193 0.050ij. 
1914- 0.0681^ 
195 0 .0673 
g' 1 m 
e s t i m a t e d 
% e r r o r i n 
(wgAi)n 
k.-t 
NREi (VA)m ( V / L ) c 
100 e9 
% e r r o r 
i n ( V / L ) c 
0.191]. J.,7514- I6I]..0 159 .0 » 3 .00 
0 .282 3.9 1*835 239 ,0 2 2 2 . 0 ° 6 . 9 
0oM|9 3-3 1,816 3 8 L O 3 8 3 . 0 0 .59 
0 . 6 0 1 3 . 1 1,852 5 1 0 . 0 14-97.0 _ 2.1j.O 
0 . 6 1 1 3*6 1 ,821 351 .0 3i|.1.0 <- 2o93 
Table 2. Data for the V/L Ratio Determination by the Concentration Method 
Run 
No. Es Et _^s Qw _ % _!s _ \ N s Nt p t 
101 1.16 1.02 13-2 1.78 41.8 33.5 302.2 1.857 0.0926 14.7 
102 1.16 1.03 15.0 1.75 41.6 33.4 302.0 1.857 0.1045 14.7 
103 1.16 1.07 13.9 1.64 30.4 26.2 302.0 1.857 0.1023 14.7 
104 1.16 1.08 14*5 1.61 28.5 21.5 302.0 1.857 0.1101 14.7 
105 1.16 1.09 15.6 1.77 21.6 17.7 302.1 1.857 0.1080 14.7 
107 1.16 1.10 15.2 1.81 27.5 21.1 302.7 1.857 0.1028 14.7 
110 1.16 1.10 14.4 1.82 7.8 15.0 302.7 1.857 0,0979 14.7 
111 1.16 1.08 13*9 I.83 46.0 35.0 302.0 1.857 0.0924 14.7 
112 1.16 1.10 15.0 1.91 4lo8 36.5 301.0 1.857 0.0955 14.7 
113 1.17 1.09 lî .O 3.31 46.0 38.2 301.2 1.857 0.0571 14.7 
nil 1.17 1.08 15.0 3o2l 36.5 29.0 300.4 1.857 0.0594 14.7 
n5 1.17 1.08 15*2 3.21 27.9 21.2 300.7 1.857 0.0614 14.7 
116 1.39 1.01; 13.9 3»30 21.2 17.7 300.2 1.760 0.0517 14.7 
117 1.38 1.06 13o3 3.27 I5o0 15.5 300.8 1.760 0.0512 14.7 
118 1.38 1.06 Ik. 1 3.35 8.3 15.0 301.0 1.760 0.0538 14.7 
Table 2. Data for the V/L Ratio Determination by the Concentration Method (con't.) 
Run 






s N t 
p t 
119 1.37 1.02 2 9 . 9 $.22 1+5.8 37.5 300 .2 1.760 0 .0715 11+.7 
120 1.37 0 .99 21.1+ $.22 36.5 3 0 . 0 299 .2 1.760 0 . 0 5 1 1 11+.7 
121 1.37 1 .01 1 9 . 8 5 .19 2 8 . 3 23.5 300 .0 1.760 0.01+78 11+.7 
122 1.35 1 .01 2 0 . 1 5 .30 11+.7 15.5 301 .0 1.760 0.01+68 11+.7 
123 1.36 1.01 2 0 . 1 $.22 8.0 15 .0 3 0 0 . 8 1.760 0.01+72 15 . 7 
121+ 1.35 0 .99 3 2 . 5 7 .10 1*4.5 3 9 . 6 3 0 0 . 1 1.760 0 .0567 15 . 7 
125 1.35 0 .99 31.1+ 7 . 2 0 3 7 . 0 32.1+ 2 9 9 . 2 1.760 0 . 0 5 3 5 1 5 . 7 
126 1.35 0o99 2 8 . 5 7 .23 2 8 . 3 21+.7 299.1+ 1.760 0.01+91+ 11+.7 
127 1.33 0 .99 2 8 . 5 7 .23 1 9 . 5 1 9 . 5 3 0 0 . 0 1.760 0.01+87 11+.7 
128 lo33 0 .99 3 3 . 2 7o27 8 .9 1 5 O 3 3 0 0 . 1 1.760 0 .0565 11+.7 
129 1.22 1.05 3 0 . 3 8.91+ 1+6.0 l+lol 303.1+ 1.765 0.01+78 15 .7 
130 1.19 1.03 2 8 . 2 9 .07 36.5 3 2 . 0 3 0 2 . 2 2 .220 0 .0502 15 .7 
131 1.20 1.03 2 2 . 1 9 .15 2 7 . 6 2 5 . 8 3 0 2 . 2 2 . 2 2 0 0.0381+ 1 5 . 2 
132 1.20 1 .01 2 2 . 0 9.21+ 2 1 . 0 2 1 . 5 3 0 2 . 2 2 .220 0 .0383 15 .0 
133 1.20 1 .01 2 3 . 6 9 .28 8 .9 1 6 . 5 3 0 2 . 2 2 .220 0.01+08 11+.7 
O^ 
Table 2. Data for the V/L Ratio Determination by the Concentration Method (con^t.) 
Run 





N t Pt 
134 1.20 lo00 21.9 9.28 5.4 16.0 303.2 2.220 0.0381 14.7 
135 1.20 0.98 22.3 11.33 4.3 16.5 304.2 2.220 0.0315 14.7 
136 1.20 0.98 24.8 11.29 11.7 18.5 304.2 2.220 0.0357 14.7 
137 1.20 0.98 23.1 1.1.14 20.3 22.2 304.2 2.220 0.0336 14*7 
138 1.20 0.98 25.3 11.14 27.2 27.4 304.2 2.220 0.0368 14.7 
139 1.20 0.97 27.0 10.91 44.2 43-0 304.2 2.220 0.0396 15.7 
U4.0 1.21 0.97 23.7 11.14 33.0 31*5 302.2 2.220 0.0340 15.4 
141 1.22 1.00 21+.1 19.8 7.0 21.5 304.2 2.220 0.0191 15.0 
142 1.22 1.00 23.1 19.8 6.9 21.5 304.7 2.220 0.0181 15.0 
143 1.22 0.96 28.8 19.2 13o0 24.7 304.7 2.220 0.0227 15.2 
144 1.22 0.92 27.1 19.0 19.5 28.5 304.7 2.220 0.0221 15.7 
145 1.22 0.92 23*5 18.8 24.5 3io5 304.7 2.220 0.0190 16.7 
1̂ 6 1.22 0.92 28.2 18.2 33.5 39.1 304.2 2.220 0.0240 17.7 
147 1.22 0.92 30o0 17.9 38.7 43-0 303.2 2.220 0.02^3 19.3 
11+8 1.23 0.92 31.9 26.6 5.8 25.2 303.2 2.220 0.0182 15.4 
-4 
Table 2 . Data f o r the V/L B a t i o D e t e r m i n a t i o n by the Concentra t ion Method ( c o n ' t . ) 
Hun 







ll*9 1.23. 0.93 28.7 26.3 10.5 28.0 303.2 2.220 0.0173 15.1* 
150 1.22 0.92 26.7 26.3 17.1* 32.5 301*. 2 2.220 0.01535 17.2 
151 1.22 0.91 26.8 25.7 21*.2 37.1 30l*.2 2.220 0.01660 17.9 
152 1.22 0.91 36.1* 25.0 30.6 1*2.5 30l*.2 2.220 0.01652 20.7 
153 1.22 0.91 27.9 26.9 33.6 1*7.9 301*. 2 2.220 0.01569 21.7 
151* 1.20 0.90 29.5 1*6.1 2.0 36.5 305.5 1.592 0.00720 17.2 
155 1.19 0.86 2i*.7 kk-k 8.6 1*0.5 305.2 1.592 0.0061*6 18.7 
156 1.19 0.86 20ol 1*5.2 16.0 1*8.9 301*. 9 1.592 0.001*95 21.7 
157 1.19 0.86 23.3 1*6.1 12.k 1*6.9 301*. 2 1.592 0.00386 20.7 
158 1.19 0.86 21*.8 1*6.8 9.9 Ul*.9 301*. 0 1.592 0.00581 19.7 
159 1.19 0.86 26.8 39.8 S.h 3l*-5 30l*.2 1.592 0.00777 16.7 
160 1.19 0.86 27.5 1*0.1 9.1* 38.0 301*. 2 1.592 0.00781* 17.7 
161 1.19 0.86 27.0 1*0.3 13.9 1*2.9 301*.2 1.592 0.00775 19.7 
162 1.19 0.86 26.9 39.8 18.2 1*6.1* 301*. 2 1.592 0.00737 20.7 
163 1.19 O086 23.5 39.6 22.0 50.1* 303.7 1.592 0.00675 21.7 
Table 2 . Data for the V/L Rat io Determina t ion by the Concen t ra t ion Method ( c o n ? t . ) 
Run 
No, Es Et *s % Qg P6 Tg \ 
Nt Pt 
164 1.19 0.86 31.1 32.2 6.0 29.5 303.7 1.592 0.01123 15.7 
165 1.19 0.86 28.2 32.7 10.8 33.5 303.7 1.592 0*01002 16.7 
166 1.20 0.85 28.4 32,2 17.6 38.5 304.2 1.592 0.0107 1807 
167 1,20 0.85 28.1 33.0 24.2 44.3 304.2 1.592 0.00942 19.7 
168 1.20 0.85 28.2 32.7 29.5 49.9 304.2 1.592 0.00979 20.7 
169 1.20 0.85 23o6 32.4 34.5 56.2 304.2 1.592 0.00813 22.7 
170 1.20 0.85 26o7 26.9 6.2 25.8 304.2 1.592 0.0109 15.0 
171 1.20 0.85 30.3 26.9 11.1 29.5 304.2 1.592 0.0129 15.4 
172 1.20 0o85 26.1 26.9 12.6 29.5 304.2 1.592 0o01123 16.4 
173 1.20 0.85 35-5 26.9 20.7 35o5 304.2 1.592 0.0167 17.4 
174 1.20 0.85 34-3 26.9 27.6 40.5 304.2 1.592 0.0162 18.7 
175 1.20 0.85 34-8 27.5 34.5 49.4 304.2 1.592 0.0161 20.7 
176 lo20 0.85 32.5 27.2 35.2 49.9 304.2 1.592 0.0150 21.7 
177 1.20 0,91 11.7 0.72 40.9 32.0 302.7 1.592 0.168 14.7 
178 1,20 0.93 13.0 0.73 43.0 33.5 302.7 1.592 0.194 14.7 
179 1.20 0.96 12.8 0.73 32.8 24.7 303.2 1.592 0.193 14.7 
Table 2 . Data f o r t he V/L R a t i o De t e rmi 
Run 
No. 2 s E t 
180 1 .20 0 .96 
181 1 ,20 1.01 
182 1 , 1 8 I 0 O 8 
183 1 , 1 8 0.97 
1814- 1 . 1 8 0o93 
185 1 .18 0 .90 
186 1 . 1 8 0 .90 
187 1 .18 0 .90 
188 1 .18 0 .90 
189 1 .18 0 .90 
190 1 .18 0 .92 
191 1 .18 0 .96 
192 1 . 1 8 0 .99 
193 1 .18 0 .99 
hs Qw Qg 
12 0 2 0 .70 2 ^ . 5 
11+.7 0 .72 1 7 . 0 
2 6 . 5 13*6 5*U 
2 0 . 5 1 3 . 6 3»5 
2 0 . 6 13*5 1 0 . 2 
1 8 . 3 1 3 . 6 l 5 o 8 
1 9 . 9 13.1+ 2J+o0 
2 3 . 9 13°1+ 3 1 . 2 
21+.0 13c5 3 6 . 5 
2 6 . 5 13*6 1+1.1 
11 .0 0 .72 1 0 . 2 
1 1 . 1 0 . 7 1 17o0 
1 3 . 1 0 .72 2 3 . 5 
1 3 . 5 0 . 7 1 3 2 . 1 
t i o n by the C o n c e n t r a t i o n Method ( e o n ' t . ) 
p g T R Ns 
N t P t 
1 9 . 5 303*7 1.592 0 .188 11+.7 
i $ . 5 30^ .0 1.592 0 .222 11+.7 
1 6 . 7 304..7 1.680 0 .0259 11+.7 
1 6 . 1+ 30I4..7 1.680 0 .0200 11+-7 
I80O 30I+.6 1.680 0.0201+ 11+.7 
2 0 . 8 301+.5 1.680 0 . 0 1 8 1 11+.7 
2 6 . 5 301+.1+ 1.680 0 .0198 11+.7 
31o3 30!+.2 1.680 0 .0233 15.U 
3 6 . 0 303*7 1.680 0o0230 1 6 . 0 
1+0.3 3 0 3 . 3 1.680 0 .0259 1 7 . 2 
15 .0 303ol+ 1.680 0 . 1 6 1 11+.7 
X5o3 3 0 3 . 8 1.680 0.161+ 11+.7 
180O 3 0 3 . 8 1.680 0.201+ 11+.7 
21+. i 30I+.O 1.680 0 .216 11+.7 
Table 2„ Data for the V/L Ratio Determination by the Concentration Method 
(concluded) 
Run 
No» Es gt ^3 ^w Qg Pg Tg N3 Nt Pt 
19U 1.18 1.00 13o5 0o?2 3808 30o3 30i|o0 I0680 0.177 lij..7 




Table 3AD S ing le -Phase Mixing Lengths Observed 
by I n j e c t i n g Malachi te Green i n t o 
Water Plowing in a 1-Inch Glass Pipe 






0 o 8 5 2,720 80 
2 o 0 5 6,560 72 
20L4.2 7,750 6i+ 
3o30 io p 550 60 
^) Q ^ > JL 16^700 56 
9ol|.5 30p200 50 
1.5 36P800 5o 
8o0 57,600 hi 
7o0 86pl|.00 l|3 
2„5 101^000 kS 
Table 3B° Single-Phase Mixing Lengths Observed 
by Inject ing Malachite Green into 
Water Flowing in a 1 l /2°Inch Glass 
Pipe a t 70°Fc 
Q T N R 1 7 Mixing 
(GPM) "* L e n g t h 
L/D 
l o 5 5 3,310 108 
Zol\2 5,160 72 
3o28 7 ,000 60 
5*25 11 ,200 56 
7 0 2 7 15,500 55.3 
9 o 3 5 19,950 » . 
I I 0 6 0 21^800 P 
19o2 I|.ly000 i|.0o6 
2606 56P700 I1.0 
32 .5 69*1*00 37oli 
Tab le 3C« S i n g l e - P h a s e Mixing Leng ths Observed 
by I n j e c t i n g M a l a c h i t e Green i n t o 
Water P lowing i n a 1 l / 2 ° I n c h Glass 
P i p e a t 68°F 0 
Q̂  Npp Mixing 
(GPM) L e n g t h 
L/D 
1.0 2 ,130 78 0 7 
l o 8 5 3 ,950 5 3 ^ 
1.30 2 , 7 8 0 68 
2 . 9 7 6,314.0 36 
5o21 11 ,100 34*8 
7o28 x5*5oo 534 
9o35 1 9 , 9 0 0 37*3 
1 1 o lj-0 2l*,p200 k3.K 
X2*3 26^200 50 06 
1 9 . 0 1^0,500 1*8 
23c7 5 0 , 6 0 0 kk 
12o3 2 6 , 2 0 0 kB 
23*7 50 p 600 kh 
2 7 . 0 57 ,600 5'6 
3 0 . 1 6I4., 200 56 
3 2 . 8 70 ,000 52 
Table 3D0 Single-Phase Mixing Lengths Observed 
by Injecting Rosaniline Red into 
Water Flowing in a 1 l/2-Inoh Glass 
Pipe at 70°F. 
Ql Npg Mixing 
(GPM) Length 
L/D 
2.20 i^P700 85*5 
2.52 5,380 68 
2.1*6 5,250 6l(. 
5o2l 11,150 60 














The following development gives an expression for the 
maximum error that can be expected in determining the V/L 
ratioa The expression is given in terms of the experimen-
tally determined variables0 
Equation (17) gives the expression for the V/L ratio 
in terras of vgJ) v1? C and C0„ Then the total differential 
of V/L is 
m. fdt^m*. m* * , , 2 6 
^ i&) " 
For the partial differentials one obtains the follow-
ing expressions from equation (1?)° 
^ ) - - A. X (27) 
O v-e 
$ * JL 
c*C '4 C 
uy 
--*• — (28) 
o 
%\ <-'«. >SB 
(29) 
67 
By substituting equations (27) through (29) in equation 
(26) and dividing by equation (17) one obtains an expression 
for the differential error 
f®- iC__L_ + dC. I + dlf) (30) 
ft) "" ^ 0 - %) "c" 0 - £) (§) 
If it is assumed that v^ is relatively insensitive to 
temperature and pressure and that the gas follows the perfect 




d£>._! , it i OCT . *CP (31) 4-
i A <* \ 
C ( i - f ; C ( i - ^ j T P 
All of the variables are measured at the point at which 
the V/L ratio is desired except GQ9 which is the concentration 
based on the total mass flow rate0 
Equation (31) may be written in a form that emphasizes 
the dependence on the mass flow ratio, Wg/W^0 By rearranging 
equation (16) one obtains 
\ , — - = \ + Ml (3 2' 
^V "3 ^ ' T (1) H 
Since the greatest error in V/L will occur when all 
the terms act in the same direction̂ , then by using the abso< 
lute values of the errors, and substituting equation (32) 
into equation (31), the equation for the maximum error is 
W/ \ !^ lotTi 
IT I 
|o(Pi 23 
For a given error in measuring the concentration, the 
error in the V/L ratio tends toward infinity as the ratio 
of the mass flow rates, W~/W^p tends toward zero0 
If only the effects of the concentration measurement 
errors are to be considered^, the terms for pressure and temp-
erature are not present and the equation for the error in the 
ratio of the mass flow rates becomes 
(J/X) 
(AST ! \L / l mil 
I V'C 0L\ I 
i V L / i i Vwfii 
I +• + 





METHOD OP CALCULATION 
The calculation of the V/L ratio and associated quan-
tities as presented in Table 1 were made with the aid of the 
IBM 650 computer of the Rich Electronic Computer Center of 
the Georgia Institute of Technology0 The Bell General Purpose 
System was used in adapting these calculations to the IBM 650» 
The program used in making these calculations are on file in 
the School of Chemical, Engineering at the Georgia Institute of 
Technology,, 
The program was used to compute the V/L ratio as meas-
ured by the concentration method* The imput data consisted 

















/W.̂ . centlpoige 




6 0^ GPM 
Delta (A) represents the estimated precision of the 
measuremento 
The calculations as indicated by the following equa-
tions were made by the computer0 Double subscripts indicate 
that the quantity was computed twice0 
t c i -- 2S.03 ES ( t (1) 
- 3 i , . . =- I Z 
a 5 i = 0 -66332 +• ^2624*16 ' " i : ^ * - \ 046 * IQ ^ iv<-
=; . 7. 
hs-t - # - 8 ^ 6 4 - ,?.IP59* 10 3 t ^ - l . 3 9 4 * » o " ts" | t 
(2) 
(3) 
-•h-y b^+ a 16 No. 
^ - • - — — w 
d. 
n , . b + 7 b1+ 0.1 6 No. 
^ t • - . — ( 5 ) 
n 
« 4,44 * 1 0^ hs (0-8 9 + ̂ - ) [^ ( 7 45 -fo] (6) 
Wo - — ' 
7451 £3 
ht. w. (7) 
^ - Qj !_2S TJS-r . . H l i 4 9 2 £ 9 I 
.530 3 5 9 GO 
(8) 
Co = 





/« - asfcSi 
/ ^ 7 3 • 1 ^ •+ ^b_ , N 
^ 
(11) 
\/\ = j ^ _ /JL - ^ 
c 
T I T ' j 
(12) 
/, /V« \ 
L / nr. V7) V W ^ y 
(13) 
= 2.273*yCT —^ 
4UC 
W A 
AQ 4. {. 4Ji. + AL- 4- ^ Q ' Q ^ S 4 - ^ ^ 
R " i f " o.8»°^* + <3̂  3 "<3 
J SSI 







The following quantities were punched out on IBM cards 




C/C0 - 1 
c 
NREi 















Table l±. Viscosity of Sodium Hydroxide Solutions 
(International Critical Tables9 Vol. 5* P* 15* 
1929). 
Viscosity of solution at t°C 
Normality Viscosity of water at tuC 
18°C 25°C 
0 .1 1.020 1.023 
0.25 1.052 1.055 
0.5 1.108 1.110 







A PROPOSED METHOD FOR MEASURING CONCENTRATION 
It was apparent from the beginning of the investigation 
that a rapid means of determining the concentration of a sample 
was necessary and it would be especially useful if a method 
could be devised whereby the concentration at a point could be 
determined continuously0 A number of principles were consid-
ered including measuring the electrical conductivity, the 
refractive index, the viscosity and the photoconductivity of 
various solutions» A number of schemes were evolved but the 
one that showed the most promise was that of measuring the 
transmission of light through a dye solution,, 
Although a number of commercial instruments were avail-
able to measure these quantities, the cost was prohibitive to 
this project,, The main requirement then became to design an 
inexpensive method for monitoring the concentration within l/2 
per cent accuracy. The tolerance was established at l/2 per 
cent since it was apparent that the mass flow rate of each 
phase could not be metered to better than l/2 per cent accur-
acy. Also, the injection of the dye into the flow system 
could not be controlled to better than 1/2 per cent accuracy, 
This meant that the concentration at a point in the system 
could not be known by a mass balance to better than 1 l/2 per 
cento 
75 
Accordingly, the following system was designed,, 
A cell was built composed of inlet and outlet ports for 
the flowing solution and windows through which a beam of light 
could pass through the solution* A 2*2-volt light bulb incor-
porating a focusing lens provided the illumination and a lead 
storage cell supplied a constant voltage,, A Clairex type CL-3 
cadmium selenide crystal photocell was the sensing device, A 
modified Wheats tone bridge arrangement was employed to measure 
the resistance of the photocell,, A complete description of 
the apparatus is contained in the succeeding paragraphs and 
schematic drawings are shown in Figs. 12 and 13• Photographs 
of the device are shown in Figs, XL|_ and 1%„ 
The Cell0 --Two l/Ij.-inch copper tees were joined at the run by 
a short piece of l/î -inch copper tubing and soldered at the 
jointo Two glass windows, l/16-ineh thick, were fixed in the 
tees with epoxy resinD These windows were butted as close as 
possible to the inlet and outlet ports* This cell was then 
set in a 6 x 8 x 8-inch wooden box with the inlet and outlet 
ports protruding from the box0 
Black rubber tubing was inserted in the tees from the 
glass windows to the end of the tube to diminish reflected 
lighto 
The Light Source0—The light source was a 202-volt No. 222 
Chicago bulb of the type normally used in a penlight. This 
bulb had a lens built in although the axis of the bulb did 
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Figure 12. Sketch of Concentration Measuring Cell 
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Figure 13. Diagram of Modified 
Wheats tone Bridge Circuit 
Figure 14. Concentration Measuring Device 
Showing Instruments and Inlet and 
Outlet Lines 
Figure 15. Concentration Measuring Device 
Showing Cell and Wheatstone Bridge 
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mounting the bulb provisions were made to allow adjusting the 
axis of the cell0 An Allstate storage battery was used to 
supply the necessary voltage0 Only one cell at a time was used 
which provided a constant voltage of approximately two volts 
after a declining voltage period of from three to four hours. 
A variable resistor in series with the light and storage cell 
permitted adjustment of the voltage across the light bulb* 
The Photocell0--A Clairex CL-3 cadmium Selinide crystal photo-
cell was firmly mounted in the end of the cell opposing the 
light* It was mounted so that the axis of the photocell coin-
cided with the axis of the cell. The leads from the photo-
cell were connected across the measuring section of a Wheat-
stone bridge circuit. 
The Bridge Circuit,-~The bridge circuit is shown schematic-
ally in Fig. 13o Resistances 1 and 2 could be changed by 
means of switches to vary the range of the circuit0 The 
circuit was balanced with a 5>0p000-ohm Helipot variable re-
sistor,, Two 12sX00-ohm resistors were connected from the 
centertap to the end terminals of the Helipoto A Weston mil-
Xiammeter, 30~0~30 ma, indicated a zero reading when the 
circuit was balanced0 This circuit, using a [|.5>-volt potential, 
could measure resistance from approximately 6,000 to 2,000^000 
ohms and could duplicate measurements within 1 per cent pre-
cision on the range of 6,000 to 20,000 ohms. 
The instrument was used on a comparative basis rather 
than as an absolute resistance meter. That is, a dye solution 
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©f known concentration was placed in the cell and the resist-
ance in series with the light was varied until the bridge 
balanced for a preset value on the Helip©t0 Then with unknown 
solutions in the cell a balance reading could be obtained ©n 
the Helipoto 
The dye initially selected was Rosaniline Hydrochloride, 
a red dye0 It was found that the instrument was insensitive 
t© concentration0 The data on the Clairex photocell indicated 
maximum sensitivity in the red and infra-red region of the 
spectrum so it was presumed that a dye that was a strong ab-
sorber of red would give more sensitive readings <> Another 
dye, Victoria Green or Malachite Greenp was used and gave 
excellent results as far as sensitivity was concernedo 
The device was tested by passing a standard solution 
through the cell and adjusting the intensity of the light 
until the bridge balanced with the potentiometer scale at a 
standard setting., Then solutions of known concentration were 
passed through the cell and the potentiometer reading recorded,, 
The results of several attempts at calibration are shown in 
Table $0 A solution containing 0„0388 grams per liter of 
Malachite Green was used as the standard solution and the 
scale reading on the potentiometer was set at 76O for this 
solution0 The second column contains the readings obtained 
when solutions in the first column were passed through the 
cell immediately after the instrument was reset with the 
standard solution,, Readings obtained with solutions subse-
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quently passed through are shown in the third columnc Care 
was taken to eliminate bubbles and all readings obtained were 
constants However, it is apparent that results could not be 
reproduced* One possible reason is that the design of the 
cell was faulty such that bubbles could collect and be held in 
the cell thereby giving false readings0 Another possibility 
is that the glass windows could have become stained although 
methanol rinses were frequently used and it was observed that 
methanol removed all apparent traces of dye0 It is the opinion 
of this investigator that through careful design of the cell 
and a more carefully chosen light source that this instrument 
can be developed into a practical means of measuring the con~ 
centration of a dye over a limited range of concentration,, 
This project was abandoned due to the limitation of 
time and another method was adopted to measure the concentra-
tion. 
Table 5» Potentiometer Scale Readings Versus Concentration of Malachite Green 
C o n c e n t r a ° 
t i o n of 
S o l u t i o n 
( g m / l i t e r 
Read ing of P o t e n t i -
o m e t e r i m m e d i a t e l y 
a f t e r r e s e t 
Reading of 
s u b s e q u e n t 
potentiometer 
to rese t 
0 .388 
0.191*. 879 865 872 
Oo097 833 823 822 
O.Olj.85 782 801 
0 , 0 3 8 8 760 760 760 755 757 759 757 7*4-9 
757 763 751 768 
0.0191*. 695 698 681 685 
0 .0097 620 670 600 607 
0.001+.85 510 591 507 512 
O0O0388 501 510 li.99 5U8 503 
0.001914. 14,36 14.60 14.31 k& 
0.00097 14,20 kOk I4.2I4. 
0.000I4.85 I4.OO 
0.000388 ii.09 14.01 I4.O8 14,12 14,01 
0.00019I4. I4-OI4. I4.OO i i O l 396 
82 
BIBLIOGRAPHY 
1„ Lockhart, R. W0, and R. C. Martinelli, "Proposed Cor-
relation of Data for Isothermal Two-Phase Two-Component 
Plow in Pipes"0 Chemical Engineering Progress 1+g, No„ 1, 
(1914-9), 39-i4-8o 
2, Armand, A0 A0, and G0 Go Tretchev, "Investigation of 
Resistance During Movement of Steam-Water Mixture in a 
Heated Boiler Pipe During High Pressure"0 Vsesoivznyi 
Teploteknicheskv Institute Izvestia, \\. (April 19JJ.7K 
3o Ward, H, C , M* J0 Goglia, J0 MQ Spurlock, and T, L, 
Gossage, Performance of a JP-lj. Aircraft Fuel System — 
A Comparison of Analytic Predictions with Experimental 
Results for Two-Phase Flow0 Wright Air Development 
Center Technical Report No0 55-̂ -22, part 3, (Armed Ser-
vices Technical Information Agency Document AD=>130,905) 
March 19 £7o 
I4.0 Ward, Ho Cof Jo Ec Thodes, W» TQ Ziegler, and L0 W0 Ross, 
Analytical Investigation of Two-Phase Vapor-Liquid Ratio 
Measuring Systems and Two-Phase Flow""Literature Survey 
Supplement, WADC Technical Note 59-230, August 1959* 
5, Dengler, C, E0 , and J, N. Addems, "Heat Transfer Mechan-
ism for Vaporization of Water in a Vertical Tube"* 
Chemical Engineering Progress Symposium Series? "Heat 
Transfer ~Louisevil!le" g|, No/lB/(l9#>), 9g. — " 
Go Linning, D0 L9, "Adiabatic Flow of Evaporating Fluids in 
Pipes of Uniform Bore", Proceedings of the Institution 
of Mechanical Engineers, London IB, No„ 2, (1952), 61j.-75. 
7o Lee, G0, Two-Phase Pressure Drop of Liquids Boiling in 
Vertical Tubes, Unpublished Master?s Thesis, Massachu-
setts Institute of Technology, 195?20 
80 Isbin, Ho So, H„ A„ Rodriguez, H0 Co Larson and B„ D„ 
Pattie, "Void Fractions in Two-Phase Flow"0 American 
Institute of Chemical Engineers Journal £9 No0 l\., 
(December, 1959), l±27 * 
9o Parrot, JQ W09 The Effects of Turbulators on Flow Pat-
terns and Pressure Losses in Two-Phase Fluid Flow3 Un-
published Master*s Thesis, Georgia Institute of Technology, 
1958o 
83 
100 I n t e r n a t i o n a l C r i t i c a l Tab les , 1 s t e d 0 , McGraw-Hill 
Pub l i sh ing Company, 1929, Vol, 5 , 15* 
11 0 P e r r y , John H„ , Chemical Engineers
v Handbook, 3rd e d a , 
New Yorks McGraw-Hill Pub l i sh ing Company, 1950, p . 150* 
12, Ward, Henderson C. and J a M. Dal la V a l l e , "Co-Current 
Turbulen t -Turbulen t Plow of Air and Water Clay Suspen-
s ions in Hor izon ta l P i p e s " , Chemical Engineer ing Progress 
Symposium S e r i e s , No0 10, Co l l ec t ed Research Pape r s , 50» 
l - l t , ( 1 9 » ) - ~ _ 
13o Sharp , R0 M„, Two-Phase P ressu re Drop in Valves and F i t -
t i ngs a Unpublished Master
8 s Thesis^ Georgia I n s t i t u t e of 
Technology^ 1956» 
li|.. Gossage^ T0 L e , Two-Phase P re s su re Losses i n Valves s 
Unpublished Mas te r ' s Thesis^ Georgia I n s t i t u t e of Tech-
nology* 1957* 
15» GreshamP Wd AQ, J F „ 9 Po Ao F o s t e r p Jr<,p and R0 Jo Kylep 
Review of the L i t e r a t u r e on Two-Phase (Gas-Liquid) F lu id 
Flow in P i p e s , WADC Technical Report Noe 55-^22 , P a r t 1 , 
June^ 19557TASTIA Document AD~95s> 752 ) . 
